A few instances are reported where humans with only one ventricle have lived to adult life (1). Most amphibia and reptiles have only one ventricle and yet these animals live in many environments over a large share of the globe and manage to reach maturity.
A few instances are reported where humans with only one ventricle have lived to adult life (1). Most amphibia and reptiles have only one ventricle and yet these animals live in many environments over a large share of the globe and manage to reach maturity.
Is the presence of only one ventricle in these animals an imperfect arrangement as it is often called (2, 3, 4) or does it provide certain advantages?
Previous studies have shown that turtles possess a very effective mechanism for increasing the systemic blood flow (5) . In the present paper these studies are extended to include the pressure relationships, which are present in the pulmonary artery.
Inspection of the large vessels, which arise from the one ventricle of the turtle, shows dark red (venous) blood in the pulmonary artery, bright red arterial blood in the aorta supplying the head region and mixed blood in the aorta to the body. Greil (see 6) proved that verv little mixing of the arterial and venous blood occurred in the ventricle.
He"injected a solution of sodium ferrocyanide into the pulmonary vein and after a systole observed the Berlin Blue reaction only in the blood from the aortas. He then injected the solution into the inferior vena cava and after a systole observed the Berlin Blue reaction only in the blood from the pulmonary artery.
The present conceptions of the mechanisms which influence the flow of blood through the turtle heart are based mainly upon the studies of Briicke and of Sabatier (6, 7, 8) and generally incorporate the following. Venous blood from the right auricle passes to the right side of the ventricle and arterial blood from the left auricle passes to the left side of the ventricle.
The incomplete septum (interventricular ridge) and the spongy nature of the ventricular wall restrict mixing of the arterial and venous blood within the ventricle traction of the ventricle, the dorsal and ventral edges of the During the conincomplete septum approach each other and according to some authors (2, 3, 8) separate the ventricle into two complete cavities. As a result the aorta to the head, which arises from the left side of the ventricle, receives mostly arterial blood. However, this does not explain why the pulmonary artery and the aorta to the body, which arise from the right part of the ventricle, receive venous and mixed blood respectively.
According to Brucke (6,7) the orifice of the pulmonary artery is closed towards the end of systole either by contraction of a ring shaped muscle bundle or by obstruction from the cartilaginous ridge which partly conceals this orifice. Does this closure of the pulmonary orifice during the last part of systole contribute to the flow of arterial and venous blood into the proper vessels?
Pressure studies from t,he pulmonary artery and the aortas of turtles should supply crucial information concerning these mechanisms.
EXPERIMENTAL
METHODS.
In six turtles the exposure of the blood vessels was made with the animal at room temperature (20-30°C). This usually caused a rather large blood loss. Six other turtles were kept in the refrigerator for several days.
Each of these was moved into the freezing compartment about thirty minutes before the experiment.
Exposure of the blood vessels was made with these animals in a pan filled with ice cubes. The resulting blood loss was usually less than 1 cc.
Optical records of the blood pressure were obtained simultaneously from the pulmonary artery and from one or both of the aortas by means of the hypodermic manometer (9, 10). One-half inch 26 G. needles were inserted into the vessels at equal distances from the heart.
Otherwise the technique was essentially as previously described (11, 5).
The pulmonary artery. Serial cross sections (10 p) of the pulmonary artery from its origin to a point beyond its bifurcation were prepared and alternately stained with 1, Delafield's hematoxylin and eosin; 2, Heidenhain iron hematoxylin, and 3, picrofuchsin.
The valvular attachment was found to extend peripherally from the base of the heart for a distance of 2.2 mm. The cartilaginous ridge described by Briicke (6) located within the common wall of the pulmonary artery and the body aorta, extends peripherally from the base of the heart for a distance of 2.6 mm. The pulmonary arterial wall in contact with the cartilage is composed entirely of fibrous connective tissue and endothelium.
In the remaining circumference cardiac muscle tissue is present.
It extends int,o the pulmonary artery 2 mm. beyond the base of the heart. This cardiac muscle is mostly circular in arrangement but becomes oblique near the dorsal border of the cartilaginous ridge. Contraction of this cardiac muscle ring was observed sometimes during the last half or two-thirds of systole. This narrows the first part of the pulmonary artery and together with the cartilaginous ridge, contributes to the obstruction of the pulmonary orifice (6). At the level of the peripheral end of the cartilaginous ridge smooth muscle is present and progressively increases in amount so that from the point of bifurcation to the site of the arterial ligament smooth muscle forms a prominent portion of the arterial wall.
Beginning at the site of the arterial ligament (ductus Botalli or ductus arteriosus) each pulmonary artery is continued as a much smaller artery to the lung. This was first described by Brenner (see 12) but only one current reference (13) mentions it.
Longitudinal sections of the area were prepared. Central tlo the site of narrowing many circular and longitudinal muscle fibers are present.
Data presented below (see effects of epinephrine) show that these muscles are capable of activity and can influence the size and the elastic properties of the pulmonary arterial reservoir. Peripheral to the site of narrowing the vessel wall is thin with a corresponding decrease in the amount of fibrous, elastic and muscle tissue.
Pressure relationships among pulmonary and systemic vessels. Pressure pulses from the right and left aortas are synchronous and show that the pressures in these two vessels are equal ( fig. 1 ). This suggests that contrary to accepted conceptions (2, 3, 8) the interventricular ridge does not form a complete barrier during systole between the left and right sides of the ventricle. The letters designate the electrical stimuli which were applied progressively earlier in the cardiac cycle. Stimuli A, B, C and D cause ventricular complexes; E and F cause auriculo-ventricular contractions.
In these and all subsequent records the blood pressure scales are shown in units of 10 mm. Hg and the base line is interrupted at intervals of 1 second.
The pulmonary pressure pulses, however, differ in four main ways from those of the aortas ( fig. 1, 2) . First, the pulmonary contours show a rapid descent of pressure during diastole.
This means that, like mammals, the pulmonary peripheral resistance is small in relation to the systolic change in the volume of the pulmonary arterial reservoir ("Windkessel").
Second, as in mammals, the diastolic pressure in the pulmonary artery is much less than that in thesystemic arteries.
Third, the abrupt systolic increase in the pulmonary pressure always precedes the systolic rise in the aortic pressure by the length of time required to raise the pulmonary pressure to the level of the aortic diastolic pressure.
Since venous blood occupies the right part of the ventricle (6), this initial blood flow into the pulmonary artery is the venous blood. Fourth, during the last half or two-thirds of systole, the pulmonary pressure is 2 mm. Hg or more below that in the aortas ( fig. 1, 2) . This difference of pressure can be explained only bv some interference with blood flow into the pulmonary artery.
The obstruction produced by the cartilage (6) accounts for small differences in pressure.
Contraction of the cardiac muscle ring was observed only when the records showed that large differences in pressure were present.
Efects of arti$cial excitation. As electrical stimuli are applied progressively earlier in diastole the pressure pulses of the premature contractions progressively decrease in size ( fig. l-A, B, C, D) .
Stimuli very early in diastole (during the T wave) cause ventricular contractions which pump little if any blood into any of the vessels ( fig. l-C, D) .
When the stimuli were applied during the first part of the T wave, delayed contractions (14) were often present ( fig. 1-E) .
Such contractions produced definite aortic and pulmonary pressure pulses, but electrocardiograms showed them to be auricular ventricular contlrac tions . The contracting auricles pump blood into the relaxing ventricle. Applying the stimulus still earlier ( fig. I-F) , the premature auricular ventricular contraction pumps only sufficient blood from the auricles through the ventricle to cause a pulmonary pulse but no aortic pulse.
The data fail to support the statements that the ventricle of the turtle retains a significant volume of blood at the end of systole and that t&he presence of such residual blood provides the mechanism by which minute output can be increased (14) . of blood at the end of systole.
The ventricle of the turtle retains only an insignificant amount Artificial acceleration of the heart by means of repeated electrical stimuli lowered the mean systemic arterial pressure (14, 5). Pulmonary pressure pulses, however, showed that the mean pulmonary pressure was increased. This is explained by a shunting of some of the cardiac output into the pulmonary circulation.
As shown in figure 1 A, premature contractions pump less than the usual amount into the aortas, but may pump almost the usual quantity into the pulmonary artery.
Repeated electrical stimuli, by accelerating the heart and by shifting the distribution of the blood, increased the mean pulmonary and lowered the mean systemic pressures.
Such artificial acceleration, however, produces effects which differ from those where the increase in heart rate is governed by body temperature and is coordinated with increased venous return and metabolic needs (5) .
Influence of the body temperature.
Cooling the turtle slows the heart, decreases aortic pressure, and reduces systemic blood flow (5) . It also lowers tlhe pulmonary systolic and diastolic pressures ( fig. 2) . In three turtles the pulmonary pressure averaged 40/15 mm. Hg when the body temperature was approximately 35°C; 2719 mm. Hg at 20°C; and 20/4 mm. Hg at 5OC.
Cooling the animal increased slightly the slope of the pulmonary diastolic pressure die-away curve at any given pressure.
This might be secondary to the Since cooling the turtle does cause effective vasoconstriction of the systemic vessels (5), the decreased cardiac output associated with the slow heart rate tends to reduce systemic flow more than pulmonary flow.
The turtle, however, can avert any extreme shifting of blood flow. As the heart slows and the pressures decrease, the pulmonary curve no longer is steep during the last part of diastole, though the aortic contours continue to show a gradual descent of pressure throughout diastole ( fig. 2) . Such records show that at these low body temperatures blood flow from the pulmonary artery occurs principally during systole and early in diastole and is quite small during the last part of diastole.
On the other hand, systemic flow though decreased by vasoconstriction continues throughout diastole. As the body temperature approaches 0°C and the heart rate becomes extremely slow (2 to 4 beats per minute), systole, though long, occupies as little as 10 per cent of the cardiac cycle. Pulmonary outflow practically ceases during the greater part of the unusually long diastoles, but systemic outflow continues throughout these long diastoles. These data indicate the presence of an economical means of maintaining adequate distribution of blood between the pulmonary and systemic circulations at these low temperatures.
During these long diastoles the color of the blood in the ventricle changes from that of arterial to that of venous blood. Evidently the main blood flow into the ventricle early in diastole is oxygenated blood from the pulmonary vein. This would explain the color of the ventricle early in diastole and may cause an unusually low pulmonary venous pressure. The blood flow into the ventricle from the systemic veins is probably slower and probably continues throughout diastole.
This extreme slowing of the heart is of vagal origin for it can be eliminated either by administering atropine sulfate (2 mgm.) or by pithing the animal.
Efects of hemorrhage and infusion ojJEuid. The blood pressure changes, which were caused by moderately severe hemorrhage, are shown by the reconstructed pressure pulses, which are presented in figure 3 . After hemorrhage the aortic and the pulmonary blood pressures are unusually low considering the body temperature of the animal. The aortic pressure remains elevated throughout systole, but the pulmonary pressure curve differs from the normal in that the pressure declines rapidly during the last half of systole.
The intravascular injection of 8 to 10 cc. of Ringer's solution raised the pressures and caused the pulse contour to return to normal (see first and second records of fig. 4) . Severe hemorrhage was then produced and the pressures and pulse contours again showed the effects of hemorrhage (see second and third records of fig. 4 ).
Direct observation showed that after these hemorrhages the muscular tissue at the orifice of the pulmonary artery was contracting during the last part of systole.
It did not occur aftler infusion of fluid. L This shows that the pulmo- where the blood loss during the exposure was less than 1 cc. After taking the records at the left, moderate hemorrhage was allowed to occur and the records at the right were then
obtained.
An electrocardiogram recorded simultaneously is included with the right records so that the duration of systole is clear.
nary muscular ring at the orifice becomes active and plays an important role when the blood volume is abnormally low (hemorrhage and anhydremia). By contracting during the latter part of systole, it shuts off the flow of blood to the pulmonary art,ery and allows the ventricle to pump blood into the two aortas. This is a rather ingenious and effective reserve mechanism for maintaining aortic pressure levels.
After severe hemorrhage in a turtle whose pulmonary arteries were severed near the arterial ligament, a definite sustained contraction ring appeared immediately central to the site where the pulmonary artery divides into the right and left branches.
Microscopic examination showed the presence of a large amount of muscle tissue as described above and in some turtles a cartilaginous structure somewhat similar to that at the orifice of the pulmonary artery.
In a turtle, where hemorrhage was insignificant, Ringer's solution was injected rapidly into the left aorta throughout one diastole.
The pressure in this vessel did not decrease during this diastole, but increased 5 mm. Hg. The pres-sure in the other aorta did not decrease during this diastole, but increased 2 mm. Hg. The pulmonary pressure, of course, was not influenced.
These data prove that anastomoses are present between the two aortas.
These anastomoses (through the dorsal aorta (3)) may be unimportant in the normal physiology of the turtle, but their presence disproves statements such as "the 'imperfect'
ventricle cannot be remedied merely by completing the interventricular septum" (2) . The aorta from the right ventricle receives mixed arterial and venous blood.
Merely completing the septum would allow only venous blood a direct entrance to this aorta.
The right ventricular output would be decreased and its systolic pressure would be lowered.
The left ventricular output would be increased, since all of the arterial blood would pass directly into its aorta.
The systolic pressure on the left side of the heart and in At the second break in the record severe hemorrhage was allowed to occur.
its aorta would be increased. The resulting differential pressure between the two aortas would supply ample arterial blood through the anastomoses. Active blood flow through these anastomoses would soon bring about their enlargement. The end result might be similar to that found in the crocodile and alligator, both of which have completed their interventricular septum. However, the mere completion of the septum would deprive the turtle of the advantages of a heart with only one ventricle.
This might restrict his natural habitat to that of the crocodile and alligators, i.e. to areas between the frost lines of the northern and southern hemispheres.
Ej'ect of epinephrine HCZ. The intravascular injection of 0.2 mgm. of epinephrine HCl ( fig. 5 ) increased the systolic pressure equally in all three vessels, but increased the diastolic pressure only in the aortas.
A study of the pulse contours shows that epinephrine produces constriction of the peripheral systemic vessels and constriction of the large vessels which form the pulmonary arterial reservoir ("Windkessel").
It has been shown in mammals (11) that peripheral vasoconstriction of systemic vessels raises the pressure without producing any fundamental change in the type of curve of the diastolic portion of the pressure pulse. The diastolic portion of the pulmonary pressure pulse, however, does show a fundamental change in the type of curve after the injection of epinephrine ( fig. 5) . At equal pressures during the lower part of the curve the steepness was definitely increased by epinephrine, while at equal pressures at the upper part of the curve epinephrine produced no change or even some decrease in the steepness of the curve. Such changes are not produced by a change in peripheral resistance (ll), but are produced by changes in the elastic properties of the "Windkessel" from constriction of the large arteries (15). At break in the record 0.2 mgm. of epinephrine HCl was injected into the left aorta and twenty seconds of records were deleted. Therefore, in turtles, the injection of epinephrine produces constriction of peripheral systemic vessels and of the vessels forming the pulmonary reservoir. No evidence was obtained that epinephrine effectively constricts the peripheral pulmonary vessels.
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SUMMARY AND CONCLUSIONS
The right and left aortic pressure pulses of turtles are synchronous and show equal pressures. Blood flow and the systolic pressure rise occurs slightly earlier in the pulmonary artery than in the aortas. During the last part of systole the pulmonary pressure becomes 2 or more mm. Hg below that in the aortas. During diastole the pulmonary pressure descends more rapidly and to a lower value than that in the aortas.
No evidence was obtained that the ventricle retains any significant residual R. A. WOODBURY AND G. GORDON ROBERTSON volume of blood at the end of the ejection period. The cardiac output in turtles is increased by an increased heart rate and/or an increased diastolic filling of the ventricle.
Cooling or warming the turtle respectively lowers or elevates the pulmonary systolic and diastolic pressure.
At body temperatures near 0°C diastole is excessively prolonged. This is vagal in origin. The presence of only one ventricle enables the turtle to regulate effectively the distribution of blood flow between the systemic and pulmonary areas. If the need arises (after hemorrhage) blood flow can be diverted into the systemic vessels by closing off the orifice of the pulmonary artery during the greater part of systole and by reducing the size of the pulmonary arterial reservoir.
Epinephrine HCl administered intravascularly increased the peripheral resistance of the systemic vessels, increased the muscle tone of the great pulmonary arteries, but gave no evidence of any effect upon the peripheral resistance of the pulmonary circulation.
